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Abstract 

Okmok volcano is one of the most active volcanoes in the Aleutian Island chain, showing 

significant non-linear deformation as it progresses through eruption cycles. Okmok most recently 

erupted in July 2008, creating a new cone (~250m in height) and greatly changing the 

topography inside the caldera. Due to these changes within the caldera and magma system, new 

modeling of the volcanic source was completed.  This study compiles both GPS and SAR 

measurements to constrain the post eruptive behavior, examines the possible changes below the 

surface, and explores modeling and optimization techniques. With continuous and campaign 

GPS stations and L-band radar imagery from the JAXA ALOS PALSAR satellite spanning 

August 2008 to October 2010, a variety of source models were tested and a best fit source model 

for the post eruptive behavior was found. Previously, a simple Mogi model was used in 

describing the behavior seen at Okmok, but post eruptive analysis showed a Double Mogi source 

for the initial first year of refilling. A 2 Mogi model did provide a better fit for the second year of 

deformation, but residual features due to compaction and erosion may have affected the 

modeling. These multiple Mogi models should be tested in future studies at Okmok and other 

shallow magma systems. 
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1     Introduction 

Geodesy has been used to track not only plate tectonics, but also deformation at volcanic 

edifices, in Alaska since the early 1990s. Advances within volcanic geodesy have led to more 

reliable and accurate assessments of ground motion, in turn providing a better understanding of 

volcanic processes and monitoring. With volcanic centers having nonlinear behavior and being 

somewhat unpredictable, geodetic measurement techniques have been beneficial for a variety of 

research and monitoring applications. In locations such as Alaska’s Aleutian Islands, 

transportation, logistics, and difficult weather can cause delays in access to the volcano, 

especially during an eruption. This increases the necessity for remotely sensed geodetic 

observations and modeling in order to monitor pre eruptive, co-eruptive and post eruptive 

behavior. The goal for this study is to improve the understanding of volcanic sources and 

develop more accurate models through the use of geodetic observations. 

Alaska’s Aleutian Islands are part of a volcanic arc located north of the subducting 

Pacific Plate. Most of these islands have been volcanically active within the Quaternary; 

specifically, more than 50 have had eruptive activity within historical time (since 1760, for 

Alaska) (Nye et al., 1998). These volcanoes are difficult targets for satellite-based techniques 

such as Interferometric Satellite Aperture Radar (InSAR), as their seasonal snow cover causes 

decorrelation close to the volcanic edifice, as their exposed location in the North Pacific renders 

them prone to severe atmospheric phase artifacts, and because their location on small islands 

makes it difficult to select suitable reference points that are necessary for deformation analysis. 

These InSAR related constraints lend themselves to collaboration with another geodetic tool, 

GPS. Existing GPS networks on the Aleutian Islands can be used as a means of validation, or to 

define a known reference frame in which InSAR can be better utilized. 

1.1     Motivation 

This study analyzes the post eruptive behavior following the 2008 eruption at Okmok 

Volcano, located on Umnak Island in the eastern Aleutian Islands (Figure 1). This eruption 

originated near cone D, a 1,000 year old cinder cone atop a basaltic terrace underlain by 

subaerial structures and flows, located in the mid-eastern central portion of the 10km wide 

caldera (Figure 2). Previous historic eruptions originated from cone A, located at the south 
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western end of the caldera ~7 km away. A new tephra cone greater than 250 m in height was 

formed by the 2008 eruption, along with a new lake 0.6 km in size (Larsen et al., 2009) and large 

amounts of ash were deposited over the island. Rapid inflation was seen in the continuous GPS 

data beginning immediately after the final ash explosion on August 19, 2008, most significantly 

at station OKCE located within the caldera (Figure 3). This inflation was steady at OKCE at a 

rate of ~ 20 cm/yr for the following 12 months and is seen at other stations within the network at 

a slower rate. After that time, inflation at OKCE was still observed, but it was less intense (~10 

cm/yr). The inflation, presumed to reflect refilling of the magma chamber, is used to measure the 

flux of magma and the location of magma accumulation at shallow depth. For the 2008 eruption, 

both the location of the observed activity as well as the source for the co-eruptive deformation 

were different from previous eruptions (Freymueller and Kaufman, 2010). The change in vent 

location and the formation of a new cone implies that cone A may no longer be the preferred 

vent for future eruptions. This disagrees with the previous accepted Okmok source model and 

thus is the primary investigation topic of this thesis. 

The goals of this project include the acquisition, compilation, and analysis of data sets to 

determine a geophysical source model that will characterize the activity at Okmok volcano 

during the post eruptive period from August 2008 to October 2010. Other topics addressed will 

include statistical testing of models, model uncertainty analysis and an investigation of residual 

features found in the satellite data. Combining GPS and InSAR data to determine ground motion 

and produce an accurate source model describing the post eruptive period will enhance the 

ability to determine the characteristics of the source. This knowledge is fundamental when 

understanding the volcano with its associated hazards and activity. 

1.2     Okmok Volcano 

Okmok Volcano is located on Umnak Island in the Fox Islands of the eastern Aleutians, 

approximately 75 miles SW of Dutch Harbor, Unalaska, Alaska (Figure 1). The ~10 km wide 

caldera of Okmok Volcano was formed by two massive eruptions ~12,000 and 2,050 years ago 

(Miller and Smith, 1987). Within the caldera there are several cones labeled A-H. Most of the 

eruptive events of the past 200 years originated from cone A, until the most recent eruption in 

2008, which formed a tephra cone near cone D. With 16 confirmed eruptions since 1817 and one 
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on average every 12 years (Beget et al., 2005), Okmok is one of the most active volcanoes in the 

Aleutians.  

 On July 12th 2008, after only 5 hours of precursory seismicity, Okmok erupted with an 

initial plume height of 16 km above mean sea level. Larsen et al. (2009) discussed at length the 

details of the eruption, which was classified as a Volcanic Explosivity Index (VEI) 4 eruption. 

Through the first 5 weeks after the eruption, activity was primarily phreatomagmatic 

(groundwater and magma interactions) with ash plumes extending between 2 and 12 km in 

height. The last confirmed ash event was on August 19
th

 and the seismicity returned to

background levels on August 29
th

.  The eruption produced new explosion craters, lakes, collapse

pits, and a new tuff-cone 250-300 m in height, and deposited ash over much of the island. These 

changes in landscape, inside and outside of the caldera, resulted from an estimated erupted 

magma volume of 81 million cubic meters of dense rock equivalent (DRE) (Larsen et al., 2009).  

The changes in eruptive style from 1997 lava flows from cone A to the 2008 cone D ash laden 

phreatomagmatism tell of a varying composition of magma, and potentially multiple storage 

areas. This change in behavior poses interesting research questions as to where the magmas are 

stored, why there are changes in location, and what this means for future eruptions. These ideas 

and the potential natural hazards posed by Okmok make for an intriguing study area. 

1.3     Previous studies 

Over the past 15 years, Okmok’s volcanic source has been well studied through various 

methods. InSAR was used to show pre-eruptive inflation and co-eruptive deflation, followed by 

post eruptive inflation for the 1997 eruption (Mann et al., 2002). Lu et. al. (2005) used 80 

interferograms to analyze the varied deformation signals from 1997 to 2003. They used a point 

source model and hypothesize a primary inflation source located roughly in the middle of the 

caldera and at a depth of 3.2 km. The deformation of flows from the 1997 and 1958 eruption was 

also analyzed. Thermal contractions of the 1997 flow and subsidence signatures at a 1958 lava 

flow were detected and explained by modeling in Lu et al. (2005). Masterlark et al. (2010) used a 

Finite Element Model (FEM) to describe a shallow low velocity zone at 2-3 km depth, and a 

deeper magma chamber with a viscoelastic rind at a depth greater than 4 km. Their study was 

based upon seismic tomography data and its results fit well with past studies at Okmok. Most 
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previous InSAR and GPS studies showed a source centered in the caldera with a depth of 2-4 

km. 

The current geodetic network on Okmok Volcano consists of 4 continuous sites and 33 

campaign benchmarks (Figure 3). During 2000-2002, a campaign GPS network of 33 sites was 

established by a collaborative effort of the University of Alaska Fairbanks Geophysical Institute, 

Alaska Volcano Observatory, and Japanese colleagues from Nagoya and Tohoku universities 

(Miyagi et al., 2004). These geodetic benchmarks, originally installed between 2000 and 2004, 

have since been resurveyed every 2-4 years using a tripod or spike mount setup, mostly using 

Trimble 5700 receivers and Trimble Zephyr geodetic antennas. 

 The first permanent continuous sites OKFG, OKCE, and OKCD were installed in 2002, 

but technical complications delayed reliable data acquisition until 2003. A fourth continuous site 

OKSO was installed on the south flank of the volcano in 2004. During the 2008 eruption, OKCD 

was destroyed and a new site (OKNC) was installed in July 2010 with funds from the American 

Recovery and Reinvestment Act of 2009 to replace this station. In response to the July 2008 

eruption, in September 2008, 7 sites were resurveyed in a campaign style mode with 3-5 days of 

data collected. Also, three semi-continuous sites were established: OK13, OK31 and OK37. 

Finally, in 2010, a nearly full GPS campaign was completed, occupying 28 of the accessible 

sites.  

Data were collected yearly in 2000 – 2002 that showed a fairly steady inflation rate with 

a slight pause between 2000 and 2001 (Miyagi et al., 2004). Further studies showed short periods 

of rapid inflation within the caldera in 2003 and 2005; these were modeled using a Mogi source 

and an unscented Kalman filter (Fournier et al., 2009). These results showed inflation located at 

the center of the caldera, and at depths of 2.5km below sea level, with the largest pulse of 

inflation occurring from January 2003 to July 2004 (Fournier et al., 2009). For the 2008 eruption, 

Freymueller and Kaufman (2010) analyzed pre- and co-eruptive GPS data. They used a Mogi 

model and found a source in a location similar to the Fournier et al. (2009) study, in the center of 

the caldera. However, they also proposed a second source at approximately 2 km below sea 

level, substantially shallower than the pre-eruptive inflation source. 

All work, including InSAR and GPS, conducted between the 1997 and the 2008 eruption, 

showed a similar inflation source location. Biggs et al. (2010) in a comparative study analyzing 

these methods states “All previous single method analysis show the source located in the center 
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of the caldera with minor migration with long periods of inflation between the eruptions without 

triggering an eruption.” (Biggs et al., 2010). Nevertheless, the source may have changed location 

as a result of the 2008 eruption. 

Figure 1 Location of Okmok volcano on Umnak Island within the Aleutian volcanic arc. (Beget 

et al., 2005). Okmok is one of many volcanoes monitored by the Alaskan Volcano Observatory. 
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Figure 2 The 2008 cone as seen with new lakes, pit craters and older cones within the caldera. 

Photo taken July 2010 by Summer Miller 

 Cone “F”  Cone “A”  Cone “E” 

Cone “D”    2008 Cone 



7 

Figure 3 Okmok GPS network, red circles signify the 4 continuous GPS stations, green are the 

semi-continuous campaign sites, and yellow denote the remaining campaign sites. 
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2.     Data  

2.1     GPS studies 

The dense network of GPS stations at Okmok has sites located both inside and outside of 

the caldera (Figure 3). This allows for a more detailed study of subsurface activities. Because 

Okmok has a shallow magma system, the area within the caldera experiences a much greater 

amount of deformation than the area outside. Continuous sites with daily solutions and a long 

time series can show both the steady rate of deformation and pulses of deflation or inflation, 

whereas campaign style measurements show long term deformation patterns but miss temporal 

variations. With the use of semi-continuous sites at campaign benchmarks we can observe 

changes in the behavior without the expense of a permanent station. The combination of data 

collection methods and GPS set-ups allow for versatility and enhanced modeling capabilities.  

2.1.1     GPS Data 

Data used for this study span the time period from September 2008 – September 2010. 

We analyzed data from 2 types of GPS sites: semi-continuous observations at benchmarks 

OK13, OK31, OK37 (Figure 4) and continuous observations at OKFG, OKSO, OKNC, and 

OKCE (Figure 5). The semi-continuous sites were part of an AVO/UAF/GI post eruption 

response campaign. They were installed in mid September 2008 and retrieved in April 2009. The 

3 semi-continuous sites provided approximately 6 months of data, dependent upon the longevity 

of the power systems (Freymueller and Kaufman, 2010) (Figure 6). During the summer of 2010, 

we resurveyed 28 of the 33 campaign sites for ~3-5 days. The 5 sites not surveyed, OK24, 

OK27, OK28, OK32, and OK35 were buried under meters of ash or snow at the time of the 

survey. Sites OK12, OK23 and OK36, seen in Figure 7 were surveyed after excavation of ~50 

cm of ash. These sites were located using a kinematic GPS system and coordinates of the 

predicted location based on the model of Freymueller and Kaufman (2010). Equipment used in 

the campaign GPS setups included a tripod mounted Trimble Zephyr Geodetic GPS antenna, and 

a Trimble 5700 or NetRS receiver along with a suitable power system of batteries and/or solar 

panels. 

GPS sites that were used in this study, along with their observation times are shown in 

Figure 6.  Continuous site OKNC was installed in July 2010. Note that the stations OKCE and 

OKSO have large data gaps from late 2009 until 2010. These are due to power system or 
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communication failures that were unable to be serviced by AVO and UAF/GI personnel until 

July 2010 (Figure 6). These data gaps were considered during the modeling discussed later in the 

thesis. 

  

2.1.2     GPS Processing 

GPS data were processed using the GIPSY/OASIS II software (Version 5.0), and station 

coordinates were estimated in point positioning mode for all sites involved in the study. Time 

series for this study were extracted from the standard University of Alaska Fairbanks solutions 

for Alaska and the surrounding area. Orbit and clock products provided by the Jet Propulsion 

Laboratory (JPL) were used along with absolute phase center models for the GPS receiver and 

satellite antennas to reduce errors (Schmid et al., 2007). The Global Mapping Function (GMF) 

tropospheric mapping, the Global Pressure and Temperature (GPT) model, and the ocean tide 

model TPXO7.0 were used to remain consistent with JPL’s orbit/clock products and avoid 

systematic errors. Further details of the GPS processing and parameter estimation methods can 

be found in Fu and Freymueller (2012). Site positions for the entire network were transformed 

into the International Terrestrial Reference Frame (ITRF) 2008, and a time series was extracted 

for each site. 

For the modeling, we removed all other non-volcanic signals by choosing continuous 

GPS site OKFG as a local reference site, and all time series used here show displacements 

relative to this reference site (unless otherwise noted). This approach was chosen instead of using 

a regional tectonic model, as it also provides a single reference point for both the GPS and 

InSAR data sets. An average of coherent image pixels of the InSAR stack nearest to OKFG was 

used as reference information for the InSAR processing and these data thus have the same 

reference as the GPS. OKFG is located near Fort Glenn, a WWII US Military site approximately 

10km from the caldera rim. Motion observed at this site is minimally affected by the shallow 

intra-caldera volcanic source (Fournier et al., 2009). Site AV09 located approximately120 km 

away in Dutch Harbor is representative of tectonic motion for the Fox Islands area of Aleutians. 

Similar motions are seen at OKFG, thus the majority of motion at OKFG is assumed to be 

tectonic in nature.  
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Figure 4 This is a semi-continuous site similar to what was used at Okmok. An antenna, secured 

upon a central mast is leveled and held in place by 3 chains attached to the surface. This is set up 

on a campaign benchmark that can also be used for shorter duration campaigns. At OK13, OK31 

and OK37, power was expected to last 3 - 6 months accounting for harsh winter weather 

conditions and the potential for snow to cover solar panels and the power system box. 

 

 

Semi-continuous site setup 
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Figure 5 Two styles of continuous sites that are used on Okmok. OKSO is a UNAVCO style 

tripod monument made of stainless steel drilled into the ground, secured with epoxy, and welded 

together at the top. OKCE is a concrete pylon poured around a stainless steel rod. All continuous 

sites on Okmok use a Trimble Zephyr geodetic antenna and either a Trimble NetRS or 5700 

receiver.  

  

OKCE OKSO 
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Figure 6 Continuous and semi-continuous stations and their occupation timeline used for this 

study. Data gaps in 2008 and in 2010 for OKSO and OKCE were due to power failures or 

technical issues at the site that could not be solved remotely. They were fixed in July 2010 

during a site visit. 
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Figure 7 Left, site OK23, where the benchmark was 

buried under 50cm of heavy ash. Below right, site 

OK12 was buried by ~20cm. Below, site OK38 was 

buried under ~30cm. A portion of the RTK system 

used to find the buried marker can be seen below with 

the helicopter. Photos taken by S. Miller July 2010 
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2.2     InSAR studies 

2.2.1     InSAR methods 

To compile a stack of SAR images for analysis we must understand the basics of 

Synthetic Aperture Radar (SAR) interferometry (InSAR), which measures the phase differences 

(  , for the same pixel location between SAR images. In the repeat-pass configuration, which is 

used for this study, this difference in phase is measured from two SAR images taken from 

similar locations but at different times, and corresponds to the difference in path length between 

the two radar antennas and a location on the ground. Besides surface topography, the observed 

phase difference also contains information on potential surface deformation such as volcanic 

activity, and may also be affected by atmospheric refraction. The most relevant components for 

interferometric phase are given in Equation 1:  

                                                          (1) 

where    is the wrapped interferometric phase at pixel P in a SAR interferogram,         

is the topographic contribution,        is the phase contribution due to the pixel’s movement 

(deformation) along the line of sight (LOS),          is due to errors in the satellite orbits,        

is a phase contribution related to the signal path delay through the atmosphere, and          is 

the phase noise due to thermal noise or decorrelation.  

 For this study we want to analyze       , which is the deformation signal we 

assume to be related to the volcanic activity. Ideally, all other signals will be removed or 

minimized using a processing procedure called differential InSAR. The topographic contribution 

is reconstructed and removed by using a digital elevation model (DEM) and knowledge of the 

satellite orbit. Using a sufficiently accurate DEM is crucial to ensure proper compensation for 

this component. Orbit errors are usually small and often distinguishable from        through 

their distinct spatial patterns, whereas atmospheric delay and noise components can vary from 

image to image. The Short BAseline Subset InSAR (SBAS) processing method is used in this 

study to reduce spatial and temporal decorrelation and increase the number of coherent pixels 

(Pepe and Lanari, 2006). SBAS also minimizes orbit errors and attempts to filter out atmospheric 

artifacts that may be present. 
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2.2.2     Digital Elevation Model (DEM) processing 

The 2008 eruption caused large topographic changes, including the construction of a 

large new cone. Therefore, it was critical that the DEM used with the post eruptive data in this 

study reflected the new topography. Hence, the DEM used for this research needed to be 

compiled from three different sources: The first two of these sources were acquired before the 

2008 eruption and include topography information from the Shuttle Radar Topography Mission 

(SRTM) acquired in February 2000 as well as AirSAR data collected on October 17, 2000. 

These two sources were combined into a single DEM by Janet Schaefer of the Alaska Division 

of Geology and Geophysical surveys. The third source was collected from Worldview-1 stereo 

pair data taken in January 2010, primarily covering Okmok caldera and providing post eruption 

topography of the caldera. To provide complete DEM coverage of the SAR image frame, the 

2010 DEM was combined with the 2000 AIR/SRTM DEM (Figure 8). The combination of the 

DEM sources was done using the ERDAS Imagine 9.3 software. To align the DEMs, height 

differences were calculated in areas where no significant surface change was expected. A second 

order polynomial surface in 2D was fitted to the height difference map and subtracted from the 

AirSAR DEM to fix vertical offsets between the data sets. Slight horizontal offsets between the 

DEMs were removed using cross-correlation methods. Afterwards, the DEMs were mosaicked. 

This new DEM was used with a stack of L-band data acquired by the SAR sensor 

PALSAR on board the 46-day repeat orbit Japanese Space Agency (JAXA) Advanced Land 

Observing Satellite (ALOS). The L-band data was chosen as its’ long wavelength of 23 cm 

provides better temporal coherence over the area of interest than comparable C-band sensors. 

Due to seasonal ground cover and weather differences, interferometric processing of image pairs 

acquired during the snow covered season did not produce coherent information. Hence, only 

summer and fall images could be used in this analysis. From all available data sets, a short stack 

of 6 summer and fall images from 2008 – 2010 (Figure 9 and Table1) were used, spanning the 

post-eruptive period of Okmok until the demise of the ALOS satellite in early 2011.  
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Table 1 Images used for this study, acquired from the JAXA ALOS PALSAR satellite 

 

 

 

 

Figure 8 2010 Worldview-1 stereo pair DEM (2010) overlaid on top of AIRSAR DEM (2000) 

courtesy of J.Schaefer, Alaska Volcano Observatory. 

 

 

Date 
yyyymmdd 

Look Angle° Off 
Nadir 

Orbit-track Wavelength 
(mm) 

Beam 
Mode 

Path Faraday 
Rotation ° 

20080822 34.3 137311060 236.2 FBD 300 1.7 

20081007 34.3 144021060 236.2 FBD 300 2.0 

20090825 34.3 190991060 236.2 FBD 300 2.4 

20091010 34.3 197701060 236.2 FBD 300 1.8 

20100713 34.3 237961060 236.2 FBD 300 4.8 

20101013 34.3 251381060 236.2 FBD 300 2.5 
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Figure 9 Six ALOS PALSAR processed interferograms spanning from August 2008 - October 

2010.  



 

18 
 

 

2.2.3     InSAR processing 

As mentioned earlier, the SAR data were processed using the SBAS method. To extract 

the deformation-related phase components while reducing most of the remaining phase 

contributions in Eq. (1), this method selects a subset of interferograms with short temporal and 

spatial baselines from all possible interferometric combinations. From this set of redundant 

interferograms, the line-of-sight (LOS) deformation time series was inverted using a weighted 

linear-squares approach supported by a singular value decomposition (Pepe and Lanari, 2006). 

The SBAS method was chosen because of its advantages for applications in volcanic areas: It is 

considered to be “model free” and, hence, does not rely on an assumption of linearity of 

deformation in time. Furthermore, by minimizing temporal and spatial baselines in interferogram 

selection, the SBAS approach minimizes decorrelation. Finally, the SBAS method is often 

preferred in cases where relatively few interferograms are available, only 6 in this case (Figure 

9). Using the SBAS method, a deformation time series was calculated for Okmok volcano, 

sampled at the acquisition dates of the six ALOS PALSAR data sets (see Figure 9). While sparse 

in time, the SBAS results provide deformation information with high spatial resolution. Hence, 

SBAS InSAR and GPS have complementary properties and are combined in this study to achieve 

high sampling both in time and space. 

For this study, similar to  many other studies on volcanoes of the Aleutians, coherence 

tends to be an issue. In Figure 9, the 6 InSAR interferograms show incoherent pixels within the 

caldera area (shown in dark blue). These large areas of incoherent signal can be due to rough 

topography, lack of coherent scattering objects, or drastic changes to the surface like erosion and 

remobilization of ash. Despite the generally low coherence within the caldera, there is ample 

coherence around the calderas rim. Especially on the northwestern part of the rim, the InSAR 

data shows signs of consistent uplift (warm colors in the interferograms in Figure 9) that will be 

analyzed in this thesis  

To combine GPS and InSAR, both systems were coregistered and projected into the same 

reference system. For comparison purposes, the coherent SAR data within a 10 X 10 pixel tile 

around the GPS site was averaged to reduce noise. Three sizes of tiles (10 m X 10 m, 30 m X 30 
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m  and 50 m X 50 m) were generated from averaged the 10 m X 10 m pixels to increase time 

efficiency for the modeling. Tiles with an average coherence value below a threshold were 

discarded and masked out. This technique, called downsampling, takes the original 

georeferenced image and outputs a grid of pixels with coarser resolution. For this study data at 

both 310 m and 510 m grid resolution levels were generated, but only the 510 m grid was used in 

the final modeling.  The averaging, coregistration, downsampling, and data combination was 

done using a mix of Matlab and the ERDAS software.  

2.3     Comparison of InSAR and GPS data sets 

To facilitate a cross-comparison of InSAR and GPS-based surface deformation estimates, 

a series of steps were followed. Each GPS site location in the SAR image had to be determined; 

GPS ground coordinates in the International Terrestrial Reference Frame (ITRF) 2008 were 

converted to UTM and compared to UTM locations in the SAR images. Then 3-D GPS 

deformation measurements were projected into the SAR LOS direction (Eq 2). The incidence 

angle (inc) was also calculated from the satellite geometry and other information within the 

parameter files. The projection to LOS can be described following Hanssen (2001). 

                                                                 (2) 

U, N, and E are North, East, and Up direction of the GPS observations, whereas H is the SAR 

satellite’s heading angle. The incidence angle varies minimally over the area of the island, thus a 

single value is used (38.7295 degrees).  

Table 2 Converting data from GPS into LOS calculations for pixel analysis and comparisons. 

GPS deformation values (GPS East, GPS North, and GPS Up) and associated sigma values are 

needed to calculate the GPS LOS deformation. This is calculated for the first year after the 

eruption August 2008 – August 2009 

Site GPS East 
(cm/yr) 

GPSNorth  
(cm/yr) 

GPS UP 
(cm/yr) 

Sigma  E Sigma N Sigma U GPS LOS 
(cm/yr) 

GPS LOS rel. 
OKFG (cm/yr) 

OK13 -13.8959 10.95704 11.72156 0.316555 0.191815 0.540935 15.92750851 15.9134388 

OK31 2.457274 4.16093 2.529704 0.203346 0.124796 0.367585 -0.30655805 -0.320627766 

OK37 -0.65826 2.469099 0.506403 0.121882 0.082931 0.256543 0.490649727 0.476580008 

OKFG -0.3549 -0.44109 -0.40583 0.024049 0.015404 0.046148 0.014069719 -4.94518E-10 

OKSO -0.11443 -1.13605 -0.04503 0.029227 0.018855 0.059829 0.087744109 0.07367439 

OKCE -8.47928 0.25164 10.45054 0.067468 0.043064 0.137286 13.3134923 13.29942258 

OKNC -0.53263 3.371886 7.038894 0.363183 0.230502 0.710338 5.552980147 5.538910428 
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Now having calculated the LOS projection for the GPS data (Table 2), we need to put 

them in the same reference frame, relative to the same point on the island. Figure 10 shows the 

comparison at OKFG between the InSAR data and the GPS data. The GPS data is in ITRF while 

the InSAR data is referenced to a non deforming area on the east side of Umnak Island. The 

difference in the two signals is due to mostly tectonic motion seen in the GPS data, but not in the 

InSAR data (Figure 10). Thus a new reference pixel for the InSAR data was chosen near OKFG 

and for the GPS data, tectonic motion seen at OKFG was subtracted from each of the other 

stations. Now both data sets were in the same reference frame and further comparisons could 

continue.  

 

 

 

Figure 10 Comparison of GPS daily solutions at OKFG (blue), InSAR deformation open circles, 

and weekly  average of GPS data including the date of InSAR image. Note the GPS data is 

referenced to the ITRF thus the tectonic signal has not been removed. Spikes in the data at the 

beginning of the time series are due to ash on the GPS antenna (Lawson, 2013). 

 

Next, the deformation rates for the 2 year period of the study were calculated for both 

InSAR- and GPS-based measurements and offsets between the estimated rates were fixed using a 

least squares fit. Time series from the two data sets were compared at the individual pixels 

containing the GPS stations (Figures 11-15). Note that the InSAR rates used are one way 

displacements with motion moving toward the satellite being positive, thus inflation is seen as 
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positive. The GPS time series for the semi continuous sites are quite short only lasting 4-6 

months along with a campaign measurement in 2010. These comparisons match within the error 

bars of the SAR processing with the slight exception of OK31 and OK37. OK31, located in the 

gates of the caldera in an area with large topographic changes, had the largest error bars due to 

bad coherence in the InSAR (Figure 13). Thus these rates at common locations were within error 

of one another, confirming that the 2 data sets could be combined. 

 

 

  



 

22 
 

 

 

 

 

 

 

 

 

Figure 11 LOS displacement time series comparison for continuous GPS site OKCE. Blue circles 

are the GPS in line of sight (LOS), whereas the large black circles represent the InSAR time 

series from the ALOS satellite. 
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.  

 

Figure 12 LOS displacement time series comparison for semi-continuous GPS site OK13. Blue 

circles are the GPS in line of sight (LOS), whereas the large black circles represent the InSAR 

time series from the ALOS satellite. 

  



 

24 
 

 

 

 

 

 

 

 

Figure 13 LOS displacement time series comparison for semi- continuous GPS site OK31. Blue 

circles are the GPS in line of sight (LOS), whereas the large black circles represent the InSAR 

time series from the ALOS satellite. Note the size of the InSAR error bars due to topographic 

features increasing potential scatter effects.  
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Figure 14 LOS displacement time series comparison for semi-continuous GPS site OK37. Blue 

circles are the GPS line of sight (LOS), whereas the large black circles represent the InSAR time 

series from the ALOS satellite. 
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Figure 15 LOS displacement time series comparison for semi- continuous GPS site OK31. Blue 

circles are the GPS in line of sight (LOS), whereas the large black circles represent the InSAR 

time series from the ALOS satellite.  This site is located outside the caldera on the Southern 

flank of the volcano and thus shows minimal deformation 
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2.4     Choosing T1 and T2 time periods for analysis 

 Upon initial processing, it was clear that there was a decrease in the rate of deformation 

approximately one year after the end of the eruption. A numerical analysis of the OKCE time 

series was run to find the start of this change by fitting a model of two piecewise linear segments 

with different velocities to the data. A change in deformation rate on September 08, 2009 

provided the best fit for this type model. This new rate was fairly steady for the remainder of the 

observed period. These two time periods T1 (20080820 - 20090908) and T2 (20090909 – 

20101010) will be used for both the GPS and the InSAR analysis. While data from the 

continuous stations were used, all of the semi-continuous stations stopped recording data well 

before the change in velocity and were unable to help in the identification (Figures 12-14). The 

change in velocity was most evident in the OKCE data, as it is the station located closest to the 

presumed magmatic source (Figure 11). Figure 16 shows the InSAR LOS velocities calculated 

for the two time periods using the 510 m InSAR resolution data set. The rate change will be 

analyzed with modeling techniques to determine if this is due to a change in flux or a change in 

location of the source of deformation. 

For the 510 m resolution InSAR data there are originally 2033 image tiles with sufficient 

coherence. This number decreased to 1911 after the removal of Unalaska Island to the south east 

and after a set of pixels with questionable noise was rejected from further analysis (Figure 17). 

The number of data points for the GPS data varies from T1 with fifteen to T2 with only nine. 

This is due to the number of stations available for each time period. T1 includes three semi-

continuous stations, OK13, OK31, OK37 along with continuous stations OKCE and OKSO 

increasing it to five stations with three observations per station. T2 includes only the continuous 

stations OKCE, and OKSO. We augmented this with the 2010 – 2011 velocity for OKNC, which 

was installed in July 2010. The velocity of OKCE during the 2010-2011 was the same as in the 

T2 period, so we expect that the velocity at OKNC during the 2010-2011 can be used for T2 as 

well. 

2.5      Estimating Realistic Uncertainties 

 Uncertainty in both the GPS and the InSAR data must be accounted for in modeling. 

Errors in GPS time series are known to be correlated in time, thus the errors in the individual 

data points are not independent (Santamaría‐Gómez et al., 2011). The least squares fit, used in 
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this study for the GPS data, assumed no correlations between the data points and, hence, the 

velocity uncertainty calculated by the fitting approach is underestimated. Santamaría‐Gómez et 

al. (2011) also noted that the length of the time series should be considered when estimating 

realistic uncertainties. The study at hand uses short time series and combines the use of 

continuous and semi continuous GPS data with varied data spans.  From the five stations used in 

T1, three are semi-continuous and have only 3-5 months of data available, whereas the 

continuous stations have closer to a full year of data. According to Bos et al. (2013), rates with 

longer time series, given a percentage of data gaps, have smaller errors than shorter time series. 

Our approximate solution is to add an additional uncertainty to account for the time correlations 

in the errors that are not accounted for in the simple least squares fit. For the GPS data, we added 

1.0 cm/yr for the vertical and 0.3 cm/yr to the horizontal uncertainties. 

The InSAR data also have residual systematic errors due to mainly atmospheric delays 

that need to be accounted for in the uncertainty model. To do so, an additional error of 0.5 cm/yr 

is added, which is consistent with typical influences of atmospheric noise. 

2.6     Residual T-shaped Feature 

While analyzing the data further, I compared T1 to T2 data to see if there was a constant 

scale factor between the two time periods. A constant scale factor would emerge if the volcanic 

deformation source geometry was the same for both time periods while the inflation rate was 

changing. For most of the area, there was a roughly constant scale factor between the two time 

periods, confirming this general model. However, an interesting T-shaped feature was discovered 

inside the caldera that was not part of the anticipated long wavelength signal. This T-shaped 

feature extends across 26 pixels in the 510 m X 510 m resolution data and is shown in Figure 17. 

In this area, the deformation rates differ from the background behavior, pointing at a shallow 

feature that does not appear to be part of the main volcanic source. This interesting feature will 

be addressed later in the results and discussion sections. 
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Figure 16 Calculated InSAR velocities for each time period T1 August 2008 – October 2009, and 

T2 October 2009 – October 2010 at the 310m resolution. 
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Figure 17 Pixels at the 510m resolution where blue pixels are considered “good pixels” and red 

pixels are “bad pixels”. These are defined by pixels that do not fit a scaled factor from T1 to T2 

and have high uncertainties. Therefore these “bad pixels” are deforming differently than the blue 

“good pixels”. 
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3     Modeling Methods 

3.1     Source Modeling 

Computational modeling is how we decipher the size, shape, and extent of a volcanoes’ 

source. Volcanic sources can be inflating, deflating, and migrating in different directions, and 

can have shapes or combinations of shapes. The goal of the source modeling for this project is to 

best fit the observed surface deformation to identify the most likely cause of the deformation. 

After summarizing the findings of previous studies, I consider a variety of source models for the 

2008-2010 deformation of Okmok volcano. 

3.1.1     Previously Suggested Source Models 

Previous geodetic studies on Okmok found an acceptable fit using a spherical point 

source within a homogeneous isotropic elastic half space; this spherical source is referred to as 

the “Mogi model” (Mogi, 1958). For the previous eruption in 1997, Mann et al. (2002) used a 

shallow Mogi source to describe the pre-eruptive inflation and a model combining a Mogi source 

and a sill for the co-eruptive signal. Others including Miyagi et al. (2004), Fournier et al. (2009), 

Lu et al. (2000, 2005), and Masterlark (2007), also used a Mogi source to explain deformation at 

Okmok over different time periods. Masterlark (2007) suggested that observations of complex 

rheological structures should provide a more physically sensible solution, but his model for the 

more complex structure fit the data worse than just a single Mogi source.  

In looking at the 2008 eruption, Lu and Dzurisin (2010) modeled the 2008 co-eruptive 

deflation, using a multi satellite image InSAR method and found that a prolate spheroid or rugby 

ball shape was also a satisfactory fit. Freymueller and Kaufman (2010) used a combination of 

continuous and semi-continuous GPS data for the 2008 eruption analysis. They suggested a 

Mogi-type source similar to the pre-eruptive inflation source in location, but at a shallower 

depth. Lu and Dzurisin (2010) also suggested a sponge like network of cavities to describe the 

physical subsurface construction.  

 While the Mogi model explained the pre-2008 deformation well, the 2008 eruption may 

have changed the subsurface plumbing, and a single Mogi source might not explain all the post 

eruptive data. As this eruption displayed many geologic characteristics that are different from  
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previous eruptions, this suggestion is reasonable. According to Larsen et al. (2013), the 2008 

eruption began with more evolved magma followed by a younger basaltic magma. Not only did 

this phreatic eruption create a new pathway to the surface, it also had a shallower source of 

deformation (Larsen et al., 2014). These changes mean that the post eruptive deformation source 

may have a different shape than the pre-eruptive deformation and opens up the possibility of 

multiple sources at different depths. Therefore I also explored other models that are not Mogi 

based, including a spheroid and a sill. These more complicated models by design have more 

parameters (see table 3 for models and associated parameters). For this study, I tried a variety of 

source models to describe the post eruptive 2008 volcanic source. I used a computer code for 

some of these models from the dMODLES suite (Battaglia et al., 2013). 

3.2     Model Descriptions 

3.2.1     Mogi Model  

The Mogi model assumes the source is a spherical pressure source within a homogeneous 

elastic half-space and that the radius is small compared to its depth (Mogi, 1958). The 

parameters for the Mogi model include the (x, y) coordinates of the source along with the depth 

and volume (source strength) (Figure 18). The equations to describe the vertical and horizontal 

(radial) displacements at the surface are very simple: 

                                  (3) 

                                  (4) 

Where ∆vertical and ∆radial are the displacements in the vertical and horizontal (radial) 

directions, C is the source strength, r is the distance from the source, and d is the source depth. 

The horizontal displacements are always radial outward or inward from the source location 

depending on the sign of C. The source strength parameter combines the volume and changes in 

pressure as defined below in Equation (5). 

       
     

  
                    (5) 

Where a is the source radius, ∆P the change in pressure, and   is the Lame constant or shear 

modulus. The individual parameters cannot be separated based on the available data, so I 
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estimate only the source strength. For this experiment we use a commonly accepted value for the 

Lame constant   as 3 X      and Poisson’s ratio as 0.25 (Dzurisin 2007). This source strength 

calculation will also be used for other models. Equation 6 uses the source strength (C) from 

equation 5 to calculate the volume change (  ). This value along with the displacements from 

equations 3 and 4 are used to model the source. 

         

 
     

 

 
 
 

   
  

 
      

 

 
 
 

     (6) 

 

3.2.2     Mogi Variations 

Two other variations of the Mogi model that allow for multiple pressure sources were 

also tested: ‘Double Mogi’ and a ‘2 Mogi’, both combine two separate Mogi sources to describe 

more complex deformation patterns. The Double Mogi model represents two spherical sources 

that possess the same (x, y) coordinates, but can differ in depth and volume (Figure 18). The 2 

Mogi has two independent Mogi sources each with 4 parameters (Figure 18). The parameter 

definitions are the same for the single Mogi source. See table 3 for a listing of the model 

parameters used. 

3.2.3     Sill – Penny shaped crack 

A sill can be described as a pancake or disc-like shape that has the ability to change as 

pressure and volume fluctuate. Table 3 describes the five parameters used for the sill model and 

Figure 19 shows the (x,y) coordinates are the surface representation of the disc. The depth is 

measured at the center of the sill. The pressure change (P_G) is dimensionless and defined as the 

ratio of the pressure to the shear modulus, where the shear modulus was assumed to be 9.69 X 

   .   This model is part of the dMODELS suite and describes the deformation due to a 

pressurized horizontal circular crack in an elastic half space (Fialko et al., 2001). The 

fialkodisp.m function calculates displacement and volume change from Gauss-Legendre 

quadrature, and an expression using Legendre polynomials. For further description of the details 

of the MATLAB functions fialko01.m, gauleg.m, and legpol.m see Battaglia et al., (2013). 
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Figure 18 Simple schematic of Mogi based models: Mogi, Double Mogi, and 2Mogi. d is the 

depth, r represents the radius, and (x,y) are the UTMn and UTMe coordinates for the source. 
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3.2.4     Prolate Spheroid 

A prolate spheroid can vary in shape from a near-sphere to a rugby ball to a cigar shape, 

and has a semi major axis and aspect ratio describing the shape of the body. It is also described 

by a dip (θ) ranging from 0 to 90° to determine the plunge angle as well as a strike angle (Φ) at 0 

to 360° for horizontal orientation of the source. The pressure change is given as P_G or the ratio 

of the pressure to the shear modulus, where the shear modulus is a generally accepted value of 

9.69 X    . These 8 parameters for the prolate spheroid are described in Table 3 and shown in 

Figure 19. This model is also provided in the dMODELS suite and is based on Yang and others 

(1988) to describe a dipping prolate ellipsoid in an elastic half space. The associated function 

used, yangdisp.m, computes the 3D deformation, strain, and tilt caused by a pressurized sphere. 

The prolate spheroid model uses the following MATLAB functions yang.m, yangdisp.m, 

yangpar.m, yangint.m (see Battaglia et al., 2013). 
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Figure 19 Simple schematic diagram showing the Prolate Spheroid and the Sill models. d is the 

depth in meters below ground surface, r is the radius in meters and (x,y)  is the UTMn and 

UTMe coordinates for the source. For the spheroid a is the semi-major axis, the strike angle is 

from 0 to 360 noting the angle from north. 
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Table 3 Parameters necessary for each of the six model types used in this study. 

 

 
 
Parameters 

 
 

Mogi 

 
Double 
Mogi 

 
 

2 Mogi 

 
Sill  

(Penny shape) 

 
Prolate 

Spheroid 

             

             

Depth (  )           

C 
(source strength) 

        

         

         

Depth (  )        

C        

radius       

P_G 

(pressure change) 
       

a 
(semi-major axis) 

      

A 

(aspect ratio) 
      

Θ 

(dip 0-90°) 
      

Φ 

(strike 0-360°) 
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3.3     Inversion Methods 

Using an inversion method we search over a number of parameters, depending on the 

model type (Table 3), to find the best fitting model to the given GPS and InSAR data. To 

accomplish this, we use the basic inversion problem defined by  

            (7) 

where d is a vector of the observed data, and G(m) is the geophysical source model for the 

deformation with model parameters m. Each model type has its own set of parameters (Table 3) 

and as the complexity of the shape increases, so does the number of parameters. Initially a grid 

search was used for the inverse modeling, but for time efficiency an unconstrained non-linear 

optimization (fminsearch in Matlab) was preferred for the final inversion. This method is 

superior to the grid search because searches over the parameter space are much more efficient. 

The fminsearch function finds the minimum of a scalar function for several variables starting at 

an initial given estimate. For the initial estimate we use the location of the co-eruptive source 

(Freymueller and Kaufman, 2010).  It was found that a starting value for the volume parameter 

should not equal zero, nor should extreme UTM_E starting values be used as they yielded 

unreasonable results with depths above ground.  The output from the fminsearch is considered 

the best fitting solution for the tested model type. The more complex models took more time and 

when the fminsearch yielded physically unreasonable results, fmincon was used to constrain the 

search area. Given a set of upper and lower bounds along with starting values for each parameter, 

fmincon finds the minimum of a scalar function for the variables similar to fminsearch 

optimization. With five parameters, a long computation time for each model, the Sill-penny 

model required a constrained search for time efficiency. 

3.3.1     Misfit Calculation and Weighting the Data 

The best fitting model is determined by minimizing the weighted residual sum of squares 

(WRSS) per data point within the search, where sigma represents the error.  

        
      

          

     
 
 
 

                
         (8) 
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The WRSS was calculated separately for each data set, GPS and InSAR, and combined to obtain 

an overall WRSS value for each model. The better the model fits the observed deformation 

signal, the lower the WRSS. We chose a misfit function that gave equal weight to fit the GPS 

and the InSAR data. The total misfit to be minimized was defined as 

                                         (9) 

Because the number of data points is different for the GPS and the InSAR data we also 

explored different weighting to make sure this choice was reasonable. Using the Mogi model and 

the fminsearch function, weights were assigned to the WRSS_SAR and WRSS_GPS (Table 4). 

For most source models, we found similar results when the weights for the two data sets were 

changed from ratios of 50/50, 25/75, 01/99, 75/25, and 99/01. Thus we chose to equal weighting 

for all modeling results. 

Table 4 Results from weighted percentages for the Mogi model The upper set excludes the T-

shaped feature discussed in section 2.6, while the lower set includes all pixels. Both versions 

gave similar results for this test. Both sets of data exclude pixels located on Unalaska island. 

 

 
Mogi Mogi Mogi Mogi Mogi 

Alpha*GPS 0.01 0.25 0.5 0.75 0.99 

UTM_E 689991.24 689985.94 689986.50 689986.66 689986.74 

UTM_N 5924139.55 5924110.60 5924108.68 5924108.01 5924107.66 

Depth (km) 2.5 2.4 2.4 2.4 2.4 

Volume  10.6 x10^6 11.5 x10^6 11.6 x10^6 11.6 x10^6 11.6 x10^6 

WRSS 0.1828 0.8599 1.5552 2.2502 2.9174 

WRSS_gps 3.6057 2.9468 2.9454 2.9452 2.9452 

WRSS_sar 0.1482 0.1642 0.1649 0.1651 0.1652 

      Alpha*GPS 0.01 0.25 0.5 0.75 0.99 

UTM_E 690019.07 689985.49 689986.32 689986.60 689986.74 

UTM_N 5924132.21 5924110.10 5924108.51 5924107.94 5924107.66 

Depth (km) 2.6 2.4 2.4 2.4 2.4 

Volume 10.7 x10^6 11.5 x10^6 11.6 x10^6 11.6 x10^6 11.6 x10^6 

WRSS 0.1898 0.8704 1.5623 2.2538 2.9176 

WRSS_gps 6.6669 4.9133 4.9093 4.9088 4.9087 

WRSS_sar 0.1513 0.1513 0.1513 0.1513 0.1513 
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3.3.2     Assessing Model Uncertainties 

 In order to assess the model uncertainties, I examined how the WRSS misfit varies as 

parameter values are changed from the best fit models values. Because the varied model types 

provide similar results, the uncertainties must be constrained for a better comparison between the 

models, an understanding of realistic results, and confidence in the best fit model.  Figures 20 

and 21 show a set of calculations in which most of the model parameters are fixed to the best 

estimated values from the inversion, but the two parameters shown on the x and y axes are 

varied. These models show how the misfit varies as parameter values become further from the 

best-fit value as found in the inversion. 

The curves of misfit with respect to variation of parameters are not symmetric, and some 

have multiple troughs or flat areas. This affects the outcome of the search methods as there can 

be more than 1 potential minimum for a multi Mogi source model (Figure 20). The Double Mogi 

and 2Mogi models are sensitive to starting values, and have a more complex misfit function. The 

starting values can determine if a function gets “stuck” in a local minimum, which can result in a 

source located at a physically unlikely situation (i.e. near OKFG). Flat areas in the contour plots 

(Figure 21) can cause the optimization process to quit or give up searching, as the misfit is not 

changing significantly as parameter values are varied. The optimization process will finish if a 

local minimum is met, or if the change in the misfit from iteration to iteration is small enough. 

Local minima can be reached at a saddle, or a flat area in the misfit (Figure 21) in addition to the 

multiple minima illustrated by “12” contour in Figure 20. 

A poorly determined volume change results in large uncertainties in depth as highlighted 

in Figure 20. If the best WRSS is less than 12, there are many potential combinations of the two 

parameters that produce local minima in the misfit (2000 - 2125 m and 5.7, 2225 – 2550 and 6, 

or 2475 – 2675 m and 6.4). Also note that as the volume change increases the depth does as well; 

the deeper the source, the larger the volume must be to create the same signal. Therefore, the 

potential for many acceptable solutions and this increases the uncertainties in the depth.  

Residuals do not have Gaussian distributions due to the non linear model, therefore 

standard error analysis does not apply exactly. The critical WRSS value was chosen to be 15% 

higher than the minimum WRSS value based on the Monte Carlo simulation done by 
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Freymueller and Kaufman (2010), which assessed how data perturbations on the order of 10% of 

displacement values (roughly the level of the residuals) impact the model WRSS. The confidence 

limits on each parameter were then assigned based on the range of values that produced a WRSS 

below the critical threshold. For the volume change and depth, both parameters were varied to 

find the limits that corresponded to the critical WRSS value. This was done because of the strong 

correlation between these parameters. Similarly, the UTM_N and UTM_E location parameters, a 

plot similar to Figure 21 was used to find the parameter limits that correspond to the critical 

WRSS value. The contours on these plots are somewhat circular for most the models, indicating 

similar uncertainties in these comparisons and a low correlation between them. For models with 

multiple Mogi sources each source was varied independently and, therefore, ignored any possible 

correlation between the two sources.  
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Figure 20   WRSS plots with respect to parameters for the 2 Mogi model, note the stair steps in 

the plot. The area within the ellipse represents the variety of potential depth and volume 

combinations that have similar WRSS and could provide an appropriate fit to the data. 
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Figure 21  WRSS as a function of UTM_N and UTM_E. note the two plateaus and the non 

symmetrical bowl. 
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4     Results 

The goal of this project is to model the main volcanic source for the deformation seen 

during the post eruptive period from 2008-2010 at Okmok volcano. To do this, some data were 

excluded because they were affected by deformation from a shallow feature, or are not related to 

a volcanic source. In the original InSAR images, a portion of Unalaska Island appears in the 

lower right of the image. Any signal from this area was not related to Okmok’s main volcanic 

source. These pixels were excluded from the main source modeling and from the weighting 

results seen in Table 4. There is always the possibility of a ramp error in InSAR data, and steps 

can be taken to estimate and minimize any ramp errors. This was addressed by including a ramp 

estimation within the modeling which revealed that there is no significant ramp error found in 

the InSAR data. The “T-shape” feature (refer to section 2.6) inside of the caldera was evident in 

the T1 data, but not the T2 data. This feature is short wavelength and therefore must come from a 

very shallow source (Figure 17), thus it is not part of the main source. These pixels were 

excluded from the modeling for the main volcanic source, and in section 5.3 this region will be 

examined again with the main volcanic source subtracted to see if its origin can be determined. 

Using the MATLAB file LoadOkmokData.m, the T1 or T2 GPS and InSAR data were 

loaded. The uncertainties, reference points, model type, and starting point were defined for 

further use within this script. A linear optimization function calls a corresponding computational 

function from the dMODELS suite (Battaglia et al., 2013) and searches through the parameter 

space to find the best fit, based on the lowest WRSS value. Each model type was run separately, 

and will be discussed in its own section. 

There were two different Matlab optimization functions used in this study, fminsearch 

and fmincon. They differ in that fmincon applies inequality constraints (upper and lower bounds) 

to the optimization problem.  fminsearch was used except where this resulted in physically 

unrealistic models (i.e. negative source depths).  fmincon was used for the Sill-penny model, as 

the constrained search greatly reduced the computational time for this model. For all of the 

models, the minimum misfit model was surrounded by a relatively large region in the model 

space with similar misfit values. 
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The results for each of the models for both time periods are shown in Table 5. The T2 

misfit is significantly lower than the T1 misfit for all models due to less deformation.  

The depths for all the modeling are given as depths below sea level. While the Mogi 

family of models was designed to reflect this, the sill and spheroid dMODELS functions were 

referenced to depth below the surface. They were corrected to the sea level reference point by 

subtracting the average elevation of the caldera floor (355 m) from the values to maintain 

consistency for model comparison. 

4.1     Model Results  

Section 4.1 presents the best results from each of the five model geometries, while later 

sections compare and describe which model best fit the data for each time period, and my 

interpretation of the most physically possible solution. 

4.1.1     Mogi Model 

The best fit single Mogi model for the T1 period is located 500 m west of the 

Freymueller and Kaufman co-eruptive (2010) model. It is also 350 m deeper, having a depth of 

2.4 km. (Figure 22, Table 5). This model has a WRSS misfit of 11.55, ranking it in the middle of 

the five models tested. For the model, the northernmost site OK37 and the southern site OKSO 

are overestimated while the remaining sites are underestimated. Continuous site OKCE, located 

to the west, fits the magnitude of the deformation, but the orientation of the vector does not fit 

well. In the SAR data, the residuals show an over-prediction of the deformation in the general 

area of the source, meaning that this model was too shallow, or the source strength is too large to 

match these data.  

For the second time period (T2), the Mogi model at a depth of 2.4 km has a combined 

WRSS of 2.17 and lies 300 m southwest of the co-eruptive source (Figure 23). The volume 

change for this Mogi model is approximately 60% smaller than the T1 Mogi model. The T1 and 

T2 source locations are very similar, with the reduced volume change being the primary 

difference. This would suggest a reduction in magma flux from the T1 and T2 time periods. 
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4.1.2     Double Mogi 

 The Double Mogi model for T1 is the best fit model to the data for this time period. The 

deeper source, at 6.6 km depth, has a negative volume change of -5.76 X       , while the 

shallow source is at 2.2 km depth with a positive volume change 11.72 X        (Table 5). This 

model fits the GPS data reasonably well at all stations except OKSO, which is over predicted for 

all models (Figure 24). Compared to the single Mogi source, the orientation misfit at OKCE is 

reduced. The (x, y) location for the source is very close to the co-eruptive source in the center of 

the caldera. This model describes a deep deflation and a shallow inflation implying a refilling 

from the deeper to the shallow areas.  

 The T2 Double Mogi model with the shallow source at 207 m depth and a volume change 

of -1.32 X       , and the deeper source at 1.6 km depth has an associated volume change of          

5.45 X       . This could be an interesting situation where the shallow source is deflating or 

having a negative flux, while the deeper source is inflating. This model is located ~200 m south 

southwest of the co-eruptive source and fits both the GPS and InSAR data fairly well with 

minimal residuals (Figure 25). While both the T1 and T2 models have one inflating and one 

deflating source, with locations near the center of the caldera, the T1 model has a deeper second 

source than the T2 model. 

4.1.3     2 Mogi 

 The 2 Mogi model, two completely independent single Mogi sources, has a WRSS value 

of 12.03, and is the worst fit of the Mogi based models for T1. If the Double Mogi model is the 

best fit model, the 2 Mogi model should be a better fit, or produce the same model, as the Double 

Mogi is one of the combinations searched for within the 2 Mogi model. However, for this study 

it is not the case, as it seems likely that the optimization routine is finding a local minimum. For 

a view of the complexity of the misfit function for this model see Figure 21.  In Figure 26, the 

source denoted by the red star is at a depth of 0.4 km and the other source, a pink star, is at a 

depth of 1.2 km, and located near the center of the caldera. This model fits the western 

intercaldera sites OKCE and OK13 very well, but under predicts the GPS sites OK31 and OK37, 

located to the north and northeast, respectively. Looking at the InSAR model, it similarly 

predicts little deformation for the pixels to the northeast of the source (Figure 26). This model is 
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very shallow and does not explain the larger area of deformation seen in the InSAR data.  This 

implies the source is too far to the west, and requires a source that is deeper or has a larger 

volume change.  

The results of the T2 2 Mogi model (Figure 27) depict the sources nearly 3 km from one 

another. Both are at very similar depths 1.5 km and 1.6 km; the volumes for the two sources are 

relatively small 1.3 X         and 1.8 X       . This model, with a WRSS of 1.38, is the best 

fit model for the T2 period. It fits both the continuous GPS sites within the caldera very well, and 

the SAR residuals are within the error bounds (Figure 27). Having multiple separate sources 

could explain the change in vent location for this eruption at the shallow depths, while still 

maintaining a larger and deeper source that shows little to no deformation signal.  

4.1.4     Prolate Spheroid Model 

 The prolate spheroid best fit model for both time periods is nearly a perfect sphere, with 

aspect ratio close to 1 (Table 5, Figures 28, 29). The spheroid depth for both time periods is also 

similar at 2.6 km for T1 and 2.7 km for T2. For T1, the depth of the spheroid is comparable to 

the T1 Mogi depth at 2.3 km; these models are also spatially close, which is true for the T2 time 

period. The volumes for the spheroid models are slightly larger than the Mogi, thus having a 

deeper source and higher WRSS for both time periods. The spheroid source for both T1 and T2 

can be considered the same as the Mogi models for their same time period. The T2 models are 

located approximately 275 m southwest of the T1 location, which is the difference between the 

T1 and T2 models. 

4.1.5     Penny – Sill Model 

 This model was done using the fmincon optimization for both the T1 and T2 analysis 

because of the very slow run time of these models. For both time periods, this model was the 

worst fit out of the five tested models with WRSS of 41.42 for T1 and 8.03 for T2 (Table 5). 

While the source location is near the center of the caldera, the fit to the SAR data is poor, as seen 

in the residuals plot in Figures 30 for T1 and 31 for T2. The GPS data for both time periods fits 

poorly as well; the models overestimate the data at the southern stations, and underestimate the 

data to the north of the source. Although the volume is twice as big for T1 than T2, both models 



 

48 
 

have the same radius of 116 m; the depths are also similar at 3.6 km for T1 and 3.5 km for T2 

(Table 5).  

Because of its shape, a sill tends to have greater vertical deformation without sufficient 

horizontal motion at the center of the source, and this pattern does not match the data. While the 

search area for this model was constrained, it included a wide range of possibilities both 

reasonable and unreasonable. During the T1 optimization, the best model maxed out the upper 

bound for the pressure change/shear modulus. This is because the optimal model found is the 

combination of a deep source with a small radius; this geometry produces more horizontal 

deformation relative to the vertical than a shallow source with a larger radius would. In other 

words, the deformation field for the sill model is simply the wrong shape for this set of data. 

4.2     Best Fit Models 

 For the T1 data, the best fit model (Double Mogi) is located within the same 510 m SAR 

pixel as the next best models, the Spheroid and the Mogi model (Figure 32). While these 3 

models have similar depths (Figure 33), they also have similar combined WRSS values (Table 

5). The Double Mogi has a lower WRSS_gps of 19.79, whereas the others are 22.08 and 22.99, 

which is a better fit to the GPS data, making the Double Mogi the best fit model. There is also a 

similar cluster of these same 3 models for the T2 data. The two clusters are located within 160 m 

of one another (Figure 34). These 6 models along with the locations for the pre-eruptive and co-

eruptive models are all within 0.5 km of one another in the center of the caldera. Regardless of 

the details of the models, a best source at a depth of approximately 2.5 km in the center of the 

caldera is consistently found. While this still holds true, the T1 Double Mogi model also features 

a deflation source at a greater depth of 6.6 km.  

For the T2 time period, the 2 Mogi model is the best fit according to the WRSS. The two 

sources for this model are shallow, having depths of 1.5 and 1.6 km (Figure 35), and are located 

2.8 km from one another. The central cluster for both the T1 and T2 periods of Mogi and 

Spheroid models is located in between the two sources of the T2 2 Mogi model. One of the 

sources is located to the north of the central caldera cluster, and the other is to the southwest. The 

northern source, the deeper of the two sources, is located at the edge of the lake near the new 

cone (Figure 34). Comparatively, the T1 2 Mogi model is also split, but the northern source for 
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T1 is further to the west by ~1.5 km. While this model may seem somewhat unlikely, it does 

have the best WRSS, and a statistical test can help to quantify the results. 
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Figure 22  Results from the T1 Mogi model excluding the “T-Shape” region. For the 

three SAR panels the x and y axis are given in UTM coordinates and the GPS panel axes 

are distance from the source in meters, and therefore is zoomed in compared to the other 

panels. The residuals panel is the result of the data minus the model panels. 
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Figure 23  Results from the T2 Mogi model. All panels and symbols are labeled as in figure 22. 

This model fits the data well, the residuals are small for both the InSAR and GPS data. 
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Figure 24  T1 Double Mogi best fit model. All panels and symbols are labeled as in figure 22. 
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Figure 25  Results from the T2 Double Mogi model. All panels and symbols are labeled as in 

figure 22. The residuals, shown in the lower left panel, are very small. 
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Figure 26  Results from the T1 2Mogi model. All panels and symbols are labeled as in figure 

22.  The two sources are shown in the lower right panel 
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Figure 27 Results from T2 2 Mogi model. All panels and symbols are labeled as in figure 22. 

Note the location of the second source north east of station OKFG shown on the SAR Best fit 

model, sources are representated by black stars.    
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Figure 28 Best fit Spheroid T1 model. All panels and symbols are labeled as in figure 22.   
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Figure 29 T2 Spheroid best fit model. All panels and symbols are labeled as in figure 22. 
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Figure 30 T1 Penny-Sill best fit model results. All panels and symbols are labeled as in figure 

22. Due to the model not fitting the data well, there are large magnitude variations in the 

residuals, as shown in the lower left panel.   
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Figure 31  Results from the T2 Penny-Sill model. All panels and symbols are labeled as 

in figure 22. Similar to the T1 results, there are large magnitude variations in the 

residuals, as shown in the lower left panel. 
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Figure 32 T1 model locations. The Google Earth image shows white pins are T1 models, and 

red pins are the co-eruptive (Freymueller and Kaufman, 2010) and pre-eruptive (Fournier et 

al., 2009) sources. Note the proximity of the Mogi, Spheroid, and previous models clustered in 

the center of the caldera. 
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Figure 33 Depths for T1 models. Double Mogi model is the best fit model for the T1 time 

period. Note cluster of models between 2000m and 3000m 

Deflation source 
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Figure 34 T1 models, co-eruptive, and pre-eruptive sources. The Google Earth image shows 

green pins are T1 models,  and red pins are the co-eruptive (Freymueller and Kaufman 2010) 

and pre-eruptive (Fournier et al. 2008) sources. Note the proximity of the Mogi, Spheroid, and 

previous models clustered in the center of the caldera. 
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Figure 35 Depths for T2 models. Double Mogi model is the best fit model for the T1 time 

period. Note cluster of models between 2000m and 3000m. 
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Table 5 Results table for models. UTM is in kilometers from the coeruptive source from 

Freymueller and Kaufman (2010), Depth is in kilometers, radius in meters, volume for the Mogi 

based models is x       and for the Spheroid and Penny models volume is the P_G. The 

yellow highlighted box is the lowest WRSS, and thus the best fit model for that time period.\\ 

 

 T1 Results Mogi  2 Mogi  Double Mogi 

v=1 

Spheroid  Penny 

UTM_E (km) 0.464 ±0.07 1.519 ±0.022 0.406 ±0.061 0.467 ±0.070 0.514 ±0.077 

UTM_N (km) 0.018 ±0.003 -1.513 ±-0.02 0.028 ± 0.004 0.016 ±0.002 0.127 ±0.019 

Depth (km) 2.36 ±0.54 0.42 ±0.06 6.62 ±0.99 2.336 ±0.40 3.63 ±0.54 

Volume (      ) 

 

10.96 ±1.64 1.03 ±0.15 -5.76 ±0.86 2.481 ± 0.37 5 ±0.75 

UTM_E (km) - 689206.0234 - - - 

UTM_N (km) - 5923319.591 - - - 

Depth 2 (km) - 1.19 ±0.17 2.26 ±0.33 - - 

Volume (      ) - 3.13 ±0.47 11.72 ±1.75 - - 

a(semimajor axis) - - - 113.64 - 

A (aspect ratio) - - - 0.991 - 

strike - - - -0.001 - 

dip - - - -0.003 - 

a radius (m) - - - - 116.18 ±17.42 

WRSS 11.549 12.030 10.383 11.755 41.424 

WRSS_gps 22.081 22.997 19.795 22.470 65.947 

WRSS_sar 1.016 1.062 0.9714 1.040 16.901 

      T2 Results Mogi start 2 Mogi Double Mogi Spheroid Penny 

UTM_E (km) 0.237 ±0.035 -0.183 ±-0.027 0.076 ±0.011 0.235 ±0.035 0.366 ±0.055 

UTM_N (km) 0.198 ±0.029 -1.925 ±-0.288 0.246 ±0.037 0.194 ±0.029 0.294 ±0.044 

Depth (km) 

(((00(99ffff()(km)

http://www.ticot

imes.net/2014/1

0/30/costa-rica-

emergency-

officials-on-alert-

following-

explosions-ash-

spewing-at-

turrialba-volcano 

2.362 ±0.354 1.573 ±0.235 1.603 ±0.240  2.336 ±0.350  3.531 ±0.529  

Volume (      ) 4.530 ±0.679 1.317 ±0.197  5.458 ±0.818  2.225 ±0.333  2.157 ±0.323  

UTM_E (km) - 1.164 ±0.174 - - - 

UTM_N (km) - 0.735 ±0.110 - - - 

Depth 2 (km) - 1.633 ±0.245 0.207 ±0.031 - - 

Volume (      ) - 1.858 ±0.278 -1.319 ±-0.197 - - 

a(semimajor axis) - - - 87.87 - 

A (aspect ratio) - - - 0.990 - 

strike - - - -0.0060 - 

dip - - - -0.0006 - 

a radius (m) - - - - 116.99 ±17.55 

WRSS 2.861 1.379 2.552 2.926 8.031 

WRSS_gps 3.355 0.559 2.716 2.080 11.219 

WRSS_sar 2.354 2.057 2.375 2.374 4.843 
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4.3     Statistical comparison F-test 

 Because the model misfit values are so similar, we applied an F-Test to compare the best 

fit model to the Mogi model in order to determine statistically whether there was significant 

improvement from one model to the next. The F test determines whether the reduction in misfit 

from adding more model parameters is larger than would be expected by chance. By comparing 

two models that have used the least squares method, as in this study, the F can be calculated as 

.  

   
 
           

     
 

 
     
    

 
 

 

The WRSS is the weighted residual sum of squares, n is the number of data points, and p is the 

number of parameters for the tested models. The first model is the model with fewer parameters, 

while the second model has more estimated parameters. The Matlab function ‘fcdf’ was used to 

calculate the critical F value needed to pass the test at 95% confidence, and the confidence level 

at which the actual F value would pass the test (Table 6). 

 

Table 6 F-test results and comparisons for models using WRSS, p the number of parameters, n 

the number of observations, calculated F from equation 7. The WRSS is the total WRSS, 

whereas the WRSS in Table 5 is per observation. Critical F value is what is needed to pass the F-

test at 95% confidence. The last column is the actual percentage for which the comparison passes 

the F-test. 

Comparisons WRSS p n F Critical F Passing % 

T1 Double Mogi 180.451 6 30 1.3471 3.402 71% 

T1 Mogi 173.241 4 30       

T2 2 Mogi 12.416 8 18 2.6849 3.478 85% 

T2 Mogi 25.751 4 18       

T2 Mogi 25.751 8 18 0.7257 3.259 41% 

T2 Double Mogi 22.972 6 18       

 

 

(7) 
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 For the T1 period, when testing the Double Mogi against the Mogi, the improvement in 

the misfit gives an F value of 1.3471 while the critical value is 3.402. This fails the F-test at the 

95% confidence level, but we can calculate that it would pass at a 71% confidence level. For T2, 

the 2 Mogi would pass the F test at 85% confidence, while the comparison of the Double Mogi 

would pass at 41%. It is inferred that the 2 Mogi source is likely the preferred source, even 

though it does not pass the 95% confidence F-test. Overall, there is a reasonably good chance 

that the more complex models are superior to the Mogi model, but the Mogi model solution 

remains a viable alternative. Due to the findings of the F-test, there is more confidence in the 

best fit models. This is used to further guide the interpretations discussed in sections 5 and 6. 
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5      Discussion 

5.1     Interpretation of T1 and T2 sources 

 The modeling results indicate a stable source of inflation located in the center of the 

caldera at a depth of about 2.2 km for the first year (T1) of post eruptive behavior (Figure 32). 

While this is consistent with previous results from a variety of studies and disciplines, our best fit 

model (Double Mogi) to the T1 data also shows a deflationary source (-5.5 X       ) directly 

underneath  at a depth of 6.6 km (Figure 33). When comparing the volumes of the shallow 

source of the Double Mogi to the single Mogi source, both at 2.2 and 2.3 km depth, they are very 

similar at 10.9 X        and 11.0 X       . The overall volume change for the Double Mogi 

model is about half the volume change (6.0 X       )  of the single Mogi due to the influx to 

the shallow source reservoir coming from the 6.6 km source. 

 The possibility of a second source was not considered by previous studies that 

investigated the deformation associated with the 1997 eruption (Mann et al., 2002), pre-eruptive 

(Fournier et al., 2009), and co-eruptive (Freymueller and Kaufman, 2010) time periods. It is 

possible that a two source model may have fit those data slightly better than the single Mogi as 

shown in Figure 36. The deeper source may coincide with a >4 km deep low velocity zone found 

using seismic tomography (Masterlark et al., 2010). For this study, the F-test revealed that the 

Double Mogi model was a better fit than the single Mogi model although it only passed the F-

test at 71% confidence (Table 4). This is a high enough confidence level to call it a plausible 

improvement over the single Mogi model, but not high enough to conclude that it is required by 

the data. 

The Double Mogi solution forces the two sources to maintain the same (x, y) values; 

unlike the 2 Mogi, its best fit model location is in the center of the caldera, similar to the Mogi 

and Spheroid models. Both Fournier et al. (2009) and Lu and Dzurisin (2010) explored 

extensively the migration of the single Mogi source from data spanning 1992 – 2008. They found 

that the source did not change significantly in depth or (x, y) location, but did change in regards 

to volume and supply rate over time. Within Lu and Dzurisin’s analysis, there were time periods 

of low deformation in 2006, where a deep source was seen, but the volume change of the deep 

source was insignificant and probably within the noise level. 
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 During the T2 time period, the deformation signal decreases to approximately half, which 

affects the modeling as the signal to noise ratio is degrading. There are two possible 

interpretations for this period. The first is that a Mogi source in the center of the caldera is the 

best explanation for the data; the second is that there are multiple shallow sources to explain the 

data. If we look at the single source, as shown in the top panel of Figure 36, it is consistent with 

previous models, and is an acceptable fit to the data. For the T1 and T2 Mogi models, all the 

parameters except volume change have very similar results. This stability in source location and 

depth matches the findings of both Fournier et al. (2009) and Lu and Dzurisin (2010) for the 

earlier time periods. On the other hand, the modeling and statistical analysis results from this 

study define the 2 Mogi source as a slightly better fit during the T2 period (Table 5). The lower 

WRSS value of 1.37, and 85% confidence level from the F-test, support the choice of this model 

(Table 4). Although the 85% confidence level is less than the standard 95%, this is high enough 

to suggest that the Double Mogi model is likely to explain the data significantly better than a 

single source Mogi style. The shallow depths of 1.5 and 1.6 km associated with the two sources 

of this model (Figure 36) also coincide with a shallow low velocity zone of 2 km as described by 

Masterlark et al. (2010), and tremor observed at 2 km depth (Haney, 2010).  

According to the recent paper on the petrology and geochemistry of the magma plumbing 

of Okmok’s 2008 eruption by Larsen et al. (2013), there is evidence for shallower magma bodies 

containing different geochemical signatures. As this eruption contained more silicic and basaltic 

juvenile materials associated with deeper depths, magma storage at varying levels and locations 

is likely. Although the shallow results from this study are not within the depth of the main 

volcanic source constraints of 3-6 km from Larsen et al. (2013) the composition of melt 

inclusions revealed that magmas from this eruption were stored between 0.2 and 2.2 km below 

sea level (Larsen et al., 2013). This implies that there are many areas within the caldera that 

could be potential sources, including the northern of the two 2 Mogi sources. The southern 

location falls within the T-shape feature, and may be an artifact of that shallow deformation. As 

the 2 Mogi model does not have a deep source that feeds the shallow sources, this most likely 

means that there was no change in volume magmatically at that depth during T2, and thus it has 

little to no associated deformation signal (Figure 36). 
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5.2     Interpreted post eruptive sequence of events 

The post eruptive timeline of events may have been as follows, based on the findings of 

this study. After the July 19 eruption subsided in mid August 2008, refilling of the voids and 

chambers below the surface commenced (Larsen et al., 2013; Freymueller and Kaufman, 2010). 

Within the first year following the eruption (T1) the inflation is focused near the center of the 

caldera, and a Double Mogi model fits this data. This model consists of one source with shallow 

inflation of 11.7 X        located at a depth of 2.2 km, and a second deeper deflation source of 

-5.7 X        at 6.6 km. Therefore, magma from the deeper Mogi moves upward to fill the 

shallow Mogi with potentially juvenile magma materials. Magma from greater depths may also 

be entering the source at 6.6 km Mogi, but at a slower rate than it is exiting. This would account 

for the negative influx at that depth.   

For the second year after the eruption (T2), the modeling suggests only shallow inflation 

totaling 3.1 X        at two sources 1.5 and 1.6 km depth. The T2 inflation is half of the total of 

the T1 inflation (6 X       ). This implies the 6.6 km source is non-deforming, most likely 

because the influx of the magma into the magma body matches the outflux. The locations of the 

T2 shallow sources differ from the T1 shallow source suggesting it has been refilled. The magma 

has now begun refilling and pressurizing other areas of the caldera, specifically the T2 sources 

but at a less significant rate. The change in rate between the two time periods is due to a lower 

overall flux of magma into the system at Okmok and filling of void space. This is the 

interpretation for the main volcanic signal observed and modeled from the data. The short 

wavelength shallow feature will be explained in section 5.3.  

 In the early stages of the eruption, large pressure differences (or the eruption itself) 

created shallow voids that were easily filled by the magma. The shallow system re-pressurized as 

a result of the rate of influx from greater depths. This re-pressurization is what potentially 

controls the shallow magma system at Okmok. 
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Figure 36 Schematic sketch of best model results. Top panel is a single Mogi with a conduit to 

the surface, center panel is the T2 2 Mogi best model with 2 shallow sources and the bottom 

panel is T1 Double Mogi having a deep deflation source along with a shallow inflationary 

source. 
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5.3     T- shape Residual Interpretation 

The short wavelength shallow T-shaped feature was mentioned earlier and data from this 

region were removed from the inversion for T1. Upon finding the best fit solution to the data, the 

residuals were calculated including all pixels, so that the possible secondary source could be re-

evaluated (Figure 38). This figure shows a source in the central southwest quadrant of the caldera 

along with pixels of large deformation scattered around the island. These other pixels are mostly 

due to topographical features like the ones seen around the caldera rim.  

The residuals to my best fit model could be explained by approximately 20 cm of 

compaction at the maximum point (Figure 39) within a one year time period (T1). This could be 

explained by compaction of older lava flows and recent ash deposits from the 2008 eruption. A 

portion of the feature is located where Lu et al. (2005) had identified the post-emplacement 

subsidence of the 1958 and 1997 lava flows from Cone A (Figure 40). Lu and Dzurisin (2010) 

observed a much slower rate of ~1.5 cm of subsidence prior to the 1997 eruption (Figure 41) 

which more than doubled after the 1997 eruption. The large quantities of ash from the 2008 

eruption (Figure 42) could also add a loading signal to increase the subsidence rate. Subsidence 

caused by the increased loading might then be followed by uplift as the rate of erosion is high, if 

this is an elastic response rather than a permanent compaction of the underlying material. Figure 

42 is a photograph showing large amounts of ash deposited from the 2008 eruption that have 

been eroded over a two year period. Areas with large amounts of ash erosion would show 

incoherence within the SAR images, and there is a large incoherent area immediately east.  

As the compaction can take many years to occur, as in the case of the still deforming 

1958 and 1997 flows (Lu et al., 2005), the absence of the signal in T2 is of concern. For this 

interpretation, the best fit T2 model (2 Mogi) has one of the inflation sources spatially located 

near the T-shape residuals. The inflation from the subsurface source could counteract the 

subsidence/deflation of the older lava flows. This is one possible explanation for the lack of T-

shape signal in T2. The peak uplift from the closer T2 2 Mogi source is approximately 13 cm. 

This was calculated by evaluating the Mogi model signal immediately above the source, using 

the source strength, and dividing by the depth squared. The volcanic source signal is greater than 

the subsidence signal, thus overshadowing the compaction source at that location. The second 

source of the 2 Mogi model is not in the subsidence area, and therefore is not significant to the T-
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shape analysis (Figure 40). As the emplacement of the subsidence feature is still deforming, it is 

necessary to model this and remove it from all future remote sensing studies at Okmok. 
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Figure 37 The T-shape feature with T1 and T2 best models. The Google Earth image 

shows yellow pins depicting the “T-Shape” feature that is present in T1, but not in the T2 

data. The best fit models for T1, the Double Mogi is shown as a white pin, T2 the 2 Mogi 

sources are in the green pins, and red pins represent the co-eruptive (Freymueller and 

Kaufman, 2010) and a pre eruptive (Fournier et al. 2009) sources. Not the proximity of 

the Mogi, Spheroid, and previous models clustered in the center of the caldera. 
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Figure 38 The T-shaped feature after source modeling. Residuals from the best model subtracted 

from the data from the T1 time period. The T-shaped feature, previously excluded, is denoted by 

pixels (+). This figure includes "bad pixels" that are unlike neighboring pixels that were not used 

in the modeling. 
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Figure 39 T-shaped feature after source modeling with best for Double Mogi for T1. Zoomed in 

image for the previous picture, the black star is the location of the Model center for the best for 

Double Mogi for T1 time period 
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Figure 40 Okmok caldera including both T1 and T2 best model sources. T1 Double Mogi best 

model and T2 2Mogi model source locations. Note the location of the 2 Mogi 1 model as it is 

within the residual feature. 
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Figure 41 Comparison of post emplacement subsidence: a) 1958 lava flows during 1993-1995 b) 

1997 and 1958 lava during 2005-2006. M marks the area of maximum subsidence from the 1958 

flow, and North is denoted by arrow. Image courtesy of D.Dzurisin   
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Figure 42 Erosion near OK24, this ash from the 2008 eruption is approximately 10m thick. 

Photo: Jeff Freymueller 
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6     Conclusion 

  The 2008 eruption was different from previous historical eruptions primarily due to the 

change of eruption style. Even with these changes, we confirmed the existence of a main 

volcanic source at approximately 2.3 km depth below sea level, as well as a complicated network 

of shallow sources. The post emplacement signal from older flows, as described by Dzurisin 

(2007) and Lu and Dzurisin (2010) still remains. The phreatic eruption, change in vent location, 

formation of a 250 m new cone, and eruption of silicic and mafic magmas are the major changes 

that were a part of this eruption. The results of this study show changes in the subsurface magma 

system as seen in the multi source models and the post-eruptive GPS and InSAR data.  

The inflation patterns seen in the data and modeling suggest that within the first year after 

the eruption (T1), the main source of inflation was beneath the center of the caldera near the pre 

and co-eruptive deformation sources. A 6.6 km deep deflation source may have accompanied the 

2.2 km inflation source. This would indicate the magma that intruded into the shallower source  

was a combination of magma stored at 6.6 km depth and magma rising from a much deeper 

source (Figure 36). Short wavelength residuals also seen in the T1 data indicate a secondary 

source, due to subsidence from old flows, which are not part of the main volcanic source.  

 For the second year after the eruption (T2), the inflation continued and can be described 

as two magma sources, the first at a depth of 1.6 km in the northern part of caldera, and the 

second located 3 km south near cone E at 1.5 km depth. The two inflation sources are refilling at 

a lower rate compared to the T1. Although the 2 Mogi model is the best fit to the data, it can be 

noted that the single Mogi model is modeled at almost the exact location of the shallow Double 

Mogi. The possibility that the simpler source is an adequate representation of the data cannot be 

ruled out. In that case, the potential for the subsidence from the T-shape residual may have an 

impact on the optimization, thus resulting in the 2 Mogi being the best fit model. 

The change in vent location and formation of a new cone implies cone A may no longer 

be the preferred vent for future eruptions. In agreement with the petrological and geochemical 

data, there may be many shallow magma storage bodies under the multiple cones within the 

caldera. Similarly, Fournier et al. (2009) and Lu et al. (2010) described the subsurface of the 

caldera to be not a single spherical source, but a complex network of conduits, sills and 
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pathways. The post eruptive deformation suggests a quick refilling lasting 12-14 months at 

shallow depths followed by a slower period of influx at spatially different shallow depths. The 

data show and confirm the overall location of the shallow magma source that others have seen in 

past geodetic studies, but that more data is needed to further monitor and model the source 

system of Okmok to further understand what lies beneath the surface. The T-shaped feature can 

be partially explained by the compacting and cooling of older flows, yet still has unresolved 

ambiguities such as rates of ash compaction and erosion. Additionally, the inflation signals found 

in the northern and southern portions of the T-shaped feature could be modeled, leading to 

further insights into the dynamic structure. By exploring new models using numerical analysis 

and optimization techniques, this study has provided new insights into the shallow magma 

system of Okmok. 
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